250 words) 9 CexE is a 12 kDa protein that was originally reported to be present in just three strains 10 of enterotoxigenic Escherichia coli (ETEC); a frequent causes of diarrheal illnesses 11 worldwide. However, an examination of recently sequenced genomes has revealed that 12 CexE is actually present in a majority of ETEC strains. Homologs of CexE are also 13 present in enteroaggregative E. coli (EAEC) and other enteric pathogens including 14 Yersinia enterocolitica, Providencia alcalifaciens, and Citrobacter rodentium. CexE and 15 its homologs are expressed within virulence regulons of ETEC, EAEC, and C. 16 rodentium. This, along with its distribution across several species of enteric pathogens, 17
Introduction 30 Approximately half a million infants and children perish from diarrheal diseases every 31 year (1). For citizens of low-income countries diarrheal diseases are projected to 32 remain among the ten leading causes of death through 2030 (2). Of the many viral and 33 bacterial pathogens that cause diarrhea enterotoxigenic Escherichia coli (ETEC) is one 34 of the most frequent causes with at least 280 million people sickened annually; most in 35 low-income nations (3). ETEC causes diarrhea by elaborating enterotoxins that disrupt 36 the normal flow of ions across the apical membranes of enterocytes. This disruption 37 leads to a net loss of water into the lumen of the intestinal tract resulting in profuse 38 watery diarrhea (4). In some instances ETEC induced diarrhea results in severe 39 dehydration that can result in death if not adequately addressed. 40 Although enterotoxins are the penultimate cause of diarrhea, ETEC must also colonize 41 the gastrointestinal tract to cause disease. Colonization is itself dependent upon the 42 expression of pili that function as adherence factors facilitating the direct attachment of 43 ETEC to enterocytes (5, 6) . Although ETEC are heterogeneous and there are numerous 44 pilus serotypes, many are positively regulated at the level of transcription by the ETEC 45 virulence regulator Rns (CfaD) (7, 8) . In vitro DNase I footprinting studies have shown 46 that each Rns activated pilin promoter contains a Rns DNA binding site immediately 47 upstream of the promoter's -35 hexamer (9) (10) (11) . In most cases the promoter proximal 48 binding site is usually accompanied by one or more additional Rns binding sites further 49 3 upstream. However site directed mutagenesis studies have shown that occupancy of 50 the promoter proximal site has the greatest contribution to promoter activation (9, 11) . 51 An in silico analysis of the genome of ETEC strain H10407 -a strain that has been used 52 in several human challenge studies-led to the identification of two Rns binding sites 53 upstream of cexE (12) (13) (14) . As with pilin promoters, one of the binding sites was located 54 immediately upstream of the -35 hexamer of cexEp and the other further upstream. As 55 expected from the positions of its binding sites, Rns was found to activate the 56 expression of cexE. Although cexE does not encode a pilin nor is it required for the 57 expression of pili, its regulation by the virulence regulator Rns implies that cexE 58 encodes a virulence factor. However options to test this hypothesis are limited by the 59 fact that H10407 is strictly a human pathogen that does not naturally infect mice nor 60 other laboratory animals. Fortunately a homolog of cexE is present in the genome of 61 Citrobacter rodentium (15) . Because this natural murine pathogen is a well-developed 62 model for enteric infections, we used murine C. rodentium challenge studies to 63 interrogate the function of CexE in vivo (16).
64

RESULTS
65
CexE is broadly distributed across ETEC strains. Of the 250 strains that were identified as ETEC -either explicitly in the record definition 80 lines or by the presence of genes encoding the heat-labile (LT) and/or heat-stable (ST) 81 enterotoxins-76% were found to harbor cexE alleles. The prevalence of cexE alleles is 82 similar to the genes encoding LT and ST which are present in 64% and 78% of strains 83 identified as ETEC respectively. As with the enterotoxin genes, the prevalence of cexE Proteins from ETEC strains are designated with a single Greek letter. Dispersin is from EAEC strain 042. The abbreviations Cr, Pa, and Ye indicate sequences found in C. rodentium, P. alcalifaciens, and Y. enterocolitica respectively. Ec NCTC86 is the strain of E. coli that was originally isolated by Theodor Escherich in 1885. The phylogram was constructed using the maximum likelihood method on a multiple sequence alignment generated by the MUSCLE algorithm; both of which were run within the MEGA7 software package (19) . was cultured in CFA CexEα was well expressed but was not digested by proteinase K 116 unless the outer membrane was permeabilized by Triton/EDTA ( Fig. 2A ). Quantification 117 of multiple immunoblots relative to DnaK -a cytoplasmic protein that was not degraded 118 7 even when the outer membrane was permeabilized-revealed that there was no 119 significant degradation of CexEα in the absence of Triton/EDTA (S. Fig. 2A ). Thus, 120 CexEα is localized in the periplasm when ETEC is cultured in CFA medium. Strikingly, 121 proteinase K digested > 98% of CexEα when ETEC was grown in IMDM even in the 122 absence of outer membrane permeabilization ( Fig. 2A , S. Fig. 2A) . A western blot of 123 TCA precipitated IMDM supernatants found no detectable CexEα in the extracellular 124 milieu (S. Fig. 3 ). These results demonstrate that translocation of CexEα across the 125 outer membrane is influenced by culture conditions and that when it is secreted it 126 remains predominately associated with the outer membrane. In contrast, CexECr-FLAG 127 was not translocated across the outer membrane when C. rodentium was cultured in 128 IMDM nor LB (Fig. 2B ). It is unlikely that the < 3 kDa FLAG epitope tag prevented the 129 translocation of CexECr because fusion of the 30 kDa TEM-1 -lactamase enzyme to the 130 carboxy terminus of CexEα did not prevent its translocation across the outer membrane 131 of ETEC (S. Fig. 4 ). Given the conditional secretion of CexEα a more plausible 132 explanation for the absence of CexECr translocation is that the in vitro conditions that 133 were tested were not conducive to its translocation. prior to addition of proteinase K. Permeabilization was required for the digestion of CexE  when ETEC was grown in CFA but not IMDM. This indicates that CexE  is exposed on the surface of ETEC when the pathogen is cultured in the latter medium but remains within the bacterial envelope when ETEC is cultured in CFA. Likewise can associate with the outer face of the outer membrane we next sought to determine if 137 it has an effect on adherence. Although we observed that a cexE  ::kan mutant was 138 slightly more adherent to HCT-8 cells than WT ETEC , the difference was not 139 statistically significant (Fig. 3A) . Likewise there was no significant different between WT 140 C. rodentium and a cexECr mutant ( Fig. 3B ). However, the latter result was expected 141 because CexECr is not a coat protein under these conditions ( CexECr is a virulence factor in vivo. Although we did not observe secretion of CexECr 149 in vitro we considered it plausible that CexECr is a virulence factor because its Adherent bacteria were enumerated after a 1 hr infection of HCT-8 cells in IMDM 10%
FBS. (A)
The difference between WT ETEC (GPM1168) and a cexE  ::kan (GPM1163) mutant was not statistically significant. In contrast, a mutant (GPM1236) lacking the Rns virulence regulator was significantly impaired in its ability to adhere to HCT-8 cells. (B) As with ETEC strains, the difference between WT C. rodentium (GPM1831) and a cexECr::kan mutant (GPM1827) was not statistically significant. *P < 0.0001 by Tukey's multiple comparisons test. 11 murine pathogen is also fortuitous because there is no small animal model to evaluate 152 the function of dispersin in EAEC. In addition the murine ETEC model has several 153 limitations due to the fact that ETEC does not normally colonize mice (28). Thus we 154 chose C. rodentium for our in vivo studies because it is the most appropriate of the 155 three pathogens for murine infection studies. To determine whether or not CexECr is a 156 virulence factor we orogastrically inoculated C57BL/6 mice with C. rodentium strain 157 GPM1831a or GPM1827 (cexE Cr ::kan). GPM1831a carries a kanamycin cassette in an 158 intergenic region downstream of cexE and was considered our WT strain. On each of 159 the three selected days after inoculation the infected animals shed fewer cexE Cr ::kan 160 than WT bacteria (Fig. 4 ). Although the difference was not statistically significant on day 161 three it was significant on days six and ten post inoculation. In addition mice shed 162 greater numbers of both strains as the infection progressed. For WT C. rodentium this 163 was expected based on previous in vivo studies (16) . These results were not restricted 164 to C57BL/6 mice as similar results were observed when 129X1/SvJ mice were used (S. 165 Fig. 5 ). Not surprisingly, the differences in fecal shedding reflected the differences 166 between the two strains within the intestines (Fig. 5 ). Intestinal loads of mice infected with a cexECr mutant are lower than those infected with WT C. rodentium. C57BL/6 mice were orogastrically inoculated with 10 8 CFU of either WT C. rodentium (GPM1831a) or a cexE Cr ::kan mutant (GPM1827).
Tissues were harvested 10 days after inoculation. CFUs were normalized to sample mass. The differences between the two strains of bacteria were significant in both the To determine if the effect of CexECr was age-dependent or -independent we also 170 inoculated infant C57Bl/6 mice with both strains of C. rodentium. As with adult animals 171 the loads of both strains increased as the infection progressed and significantly more 172 WT than mutant bacteria were recovered from the large intestines of infant mice; for 173 technical reasons the small intestines were not analyzed (Fig. 6) . Although 174 immunocompetent adult mice are able to clear C. rodentium infections, all infant mice 175 infected with the WT strain perished (Fig. 6)(29) . In contrast a significant number of the 176 mice infected with the cexE Cr ::kan strain survived for the duration of the experiment. In 177 aggregate these results demonstrate that C. rodentium uses CexECr to achieve higher 178 intestinal burdens and increase its virulence in both adult and infant mice. homolog. We found that mice inoculated with WT C. rodentium shed significantly more 206 bacteria on days 6 and 10 post inoculation than mice inoculated with the cexE Cr mutant. 207 The observed CexECr-dependent enhanced fecal shedding would seem to be consistent 208 with the proposed function of the CexE homolog dispersin in EAEC. In vitro dispersin 209 has been shown to decrease the adherence of EAEC to HEp-2 cells as well as human 210 intestinal explants (26). Thus, as its name implies dispersin has been proposed to 211 contribute to the pathogenecity of EAEC by increasing the dispersal of the pathogen 212 throughout the intestinal tract. Decreased adherence would also be expected to result in 213 greater fecal shedding of WT bacteria than cexE mutants. However, this model is at 214 odds with the loads of C. rodentium within the intestinal tissues. In both the small and 215 large intestines of adult mice, we found significantly higher loads of WT C. rodentium 216 than the cexE Cr mutant. A similar pattern was also observed in infant mice. Although we 217 did observe that WT ETEC are less adherent to HCT-8 cells than a cexE mutant, the 218 difference was not significant. Therefore, greater shedding of the WT strain compared to 219 the cexE Cr mutant is likely a consequence of higher loads of the WT strain within the 220 intestines rather than an increased tendency of the WT strain to detach and disperse. 221 Although the mechanism is currently unknown, our in vivo studies clearly demonstrate 
FIG S5
A CexECr mutant has the same phenotype in 129X1/SJV and C57BL/6 mice. 129X1/SJV mice were orogastrically inoculated with 10 10 CFUs with either WT C. rodentium (GPM1831a) or a cexE Cr ::kan (GPM1827) mutant. Fecal pellets were collected on days 2 and 15 post inoculation and CFUs were normalized to the mass of each pellet. Although the difference between fecal shedding of the two strains was not 
